ABSTRACT
INTRODUCTION
The capital, land, and labor are the significant factors for the process industry. But energy cost also plays a very important role. Always there is a need for better quality, greater efficiency and automated machines in any industry [1] , for maximizing the profit. As steam is colorless and odorless gas with the ability to carry and transfer large amount of thermal energy, it is used as source of energy in many industrial processes like sterilization, drying, cooking, cleaning etc. Boiler, a closed vessel, is one of the major components in most of the process industries for production of steam which is the main source of energy. A boiler converts water into steam under pressure due to combustion through the chemical reaction between fuel and the oxygen. Water is a cheap medium and available in abundance. But before feeding water to the boiler, it has to be treated chemically. The volume of steam is very high when compared with volume of water in the boiler. Due to this factor, the boiler must be treated with utmost care.
An efficient boiler converts all chemical energy released from the fuel in to heat energy and also it transfers the heat energy to the incoming water completely. It is not possible to achieve 100 % efficiency, because of boiler losses. The boiler efficiency reduces with time, heat transfer fouling, poor combustion and poor operation and maintenance and hence, there is a need for real time monitoring of boiler efficiency regularly [2] . Input-Output or direct method and heat loss or indirect method, are the two ways of evaluating the boiler efficiency. In direct method, the ratio of output steam energy to input fuel energy is considered for evaluation of boiler efficiency [3] [4] [5] . Though it is an easy method it does not provide any explanation or reason about the reduction in boiler efficiency. In indirect or the heat loss method, boiler efficiency is evaluated by subtracting overall boiler losses from maximum theoretical boiler efficiency. It provides the appropriate reason for the boiler efficiency. The following are the boiler losses that are evaluated to find the boiler efficiency in indirect method:
1. Loss due to the heat carried by the dry flue gas through the chimney. 2. Loss due to the heat carried away by the moisture and hydrogen via the chimney. 3. Loss due to heat radiated from the outer surfaces of the boiler. 4. Loss due to boiler blow down. When steam is generated, the concentration of suspended solids present in feed water causes reduction in efficiency of a boiler [6] . 5. Loss due to unburnt carbon and gas, due to incomplete combustion.
Among all these losses, the loss due to dry flue gas is maximum. Amount of excess air, firing rate, cleanliness of heat exchange surfaces, operational temperature, operational pressure and the design of appliance are the factors affecting the final stack temperature which in turn contribute to major loss due to dry flue gas. According to the basics of boiler, the maximum permissible stack temperature is 40 °C more than the saturation temperature of steam. One of the main reasons for increase in stack temperature is due to the deposition of soot on heat transfer surfaces inside the boiler. Incomplete combustion results in soot accumulation on the combustion side of tubes and poor water treatment results in scale formation on the inner wall (water side) of the tubes. Scale and soot formation in the boiler reduces the heat transfer rate from the fuel to the water. There is a possibility of fire in stack due to incomplete combustion and may cause boiler explosion. Ash deposition on the heat transfer surfaces is still a problem in coal fired boilers in an industry.
Almost all power plant boilers use coal as a fuel for generation of steam. Soot formation in combustion is due to the presence of mineral material of various forms. This deposits on the heat transfer surfaces of boiler, reduces the rate of heat transfer between burner and the water, which in turn reduces the steam output resulting loss in thermal efficiency and increased corrosion problem [7] . Sections of steam generation are kept clean by soot blowers. Power plant performs soot blowing action on regular basis without measuring any plant parameters. This results in cleaning some areas excessively and lack in other areas. Amount of steam is wasted in excessive cleaning areas and results in tube surface erosion [8] .
Drawback of conventional system
At present, the following are the traditional and manually controlled methods available for removal of soot deposition:
1. High pressure and high temperature steam is used to blow away the ash fouling. 2. A number of soot blowers are continuously initiated according to the predefined sequences and a fixed schedule. Soot blowers available in market today, which are manually operated are:
i. Long retractable soot blowers ii. Wall/ short retractable soot blowers iii. Rotary soot blowers iv. Rake soot blowers.
A manual soot blower cleans the surface of the boiler by blowing air or steam at high pressure, so as to remove the soot. But the soot blower is turned on for a predetermined time, once in a shift, without any scientific justification [9] . Sometimes, even when there is no deposition or very less deposition, the operator turns on soot blower for the same duration, which leads to wastage of energy and increases the maintenance cost. Traditional methods for reducing the soot formation are not much efficient, as manual intervention is involved. Hence there is a requirement of intelligent and automated system for controlling the soot formation, so as to reduce the dry flue gas loss and increase the efficiency of a boiler.
In one more existing method uses relay contactors, which are not reliable, difficult wiring diagram, and more maintenance cost. This work focuses on use of Programmable Logic Controller (PLC) to control the steam blowing system [10] . The initial investment and maintenance cost of the system increases as it is based on PLC.
This paper describes an embedded based soot blower and stack temperature control system. In this system the soot blower is controlled based on the rise in stack temperature.
BASIC BOILER SYSTEM
The boiler is an essential component in most of the process industries, as it provides the necessary steam at various pressures. Feed water system, steam system and fuel system are the three sub systems of the boiler.
The feed water system regulates the feed water to meet the steam demand. Different types of valves are used for this purpose. There are two sources of feed water: condensed steam returned from the process and chemically treated water, from outside the boiler. The generation of steam is due to evaporation of feed water. To get better efficiency, the feed water is preheated by the economizer which uses the waste heat in the flue gas.
The steam system collects and controls the steam produced in the boiler. Proper piping system is used to direct the steam to the point of use. The pressure of steam is regulated using valves and measured with steam pressure gauges.
The fuel system includes various components like valves, gauges, burners to provide the necessary fuel, so as to generate heat. The components of fuel system mainly depend on the type of fuel used for combustion. A typical boiler schematic is shown in Figure 1 . The following are the some of the general rules related to an industrial boiler [11] :
• 1 % boiler efficiency increases, if 5 % excess air is reduced.
• Boiler efficiency increases by 1 % if the flue gas temperature is reduced by 22 °C.
• Boiler fuel consumption reduces by 1 % when the feed water temperature rises by 6 °C.
• 1 % fuel would be saved when the combustion air temperature increases by 20 °C.
• 2.5 % fuel consumption increases due to 3 mm thick soot deposition on a heat surface.
• Fuel consumption increases by 5 to 8 % when a 1mm thick scale deposits on the water side. 
THE SOOT BLOWER CONTROL SYSTEM
The block diagram of stack temperature measurement and soot blower control system is illustrated in Figure 2 . The stack temperature is measured and controlled at the desired value. As the soot formation increases in the boiler, stack temperature increases due to lesser heat transfer. This reduces the efficiency of boiler, due to incomplete transfer of heat from fuel to water. Decrease in efficiency indicates increase in fuel consumption. A 3 mm thick soot deposit on the heat transfer surface can cause a 2.5 percent increase in fuel consumption and also, 22 °C reduction in flue gas temperature increases the boiler efficiency by 1 percent [12] .
Temperature of the stack is measured using a K type thermocouple. The voltage output of this thermocouple is enhanced with signal conditioning circuit. The in-built 10 bit ADC of ARM controller converts the analog voltage to digital number. The display on the LCD is calibrated in terms of temperature. The soot blower motor is controlled by the algorithm implemented in the same processor. The temperature sensor with signal conditioning circuit and the control circuit for soot blower are shown in Figure 3 and Figure 4 respectively.
Temperature Sensor
The stack temperature is measured using a K-type thermocouple which is made up of Chromel and Alumel alloys. The output signal is fairly linear in the required range and the resolution is 41 µV/°C.
Instrumentation Amplifier
Instrumentation amplifier AD620 is used for conditioning the signal from the temperature sensor. AD620 has an input offset voltage of 50 µV and wide range of power supply ±2.3 V to ±18 V. Gain equation for this amplifier is given in equation (1) . A gain of 100 is selected for AD620 to get 4.1 mV for every 1 °C change in the stack temperature. The value of R G is selected as 499 Ω for the required gain of 100.
Gain = {[49.4 kΩ/ R G ] +1}
(1) Figure 3 . Data acquisition from the sensor
Analog to Digital Converter
The output of AD620 is connected to the on-chip serial ADC of 10-bit resolution and the analog voltage is converted to 10-bit digital code. ADC has the resolution of 3.23 mV at V ref = 3.3 V and conversion time of 2.44 µsec.
ARM7 Microcontroller
LPC 2129 is an ARM7TDMI manufactured by Philips Semiconductor. It is a 64 pin package with 256 kilobytes of high speed flash memory, 32 bit RISC machine with 16 kB on-chip RAM; four channel 10-bit ADC, 32 bit timers along with PWM and RTC, 46 general purpose I/Os, I 2 C interface facility. Because of all these features this microcontroller is best suited for single chip instrument design [13] .
LCD
A 16 × 2 line LCD is used to display the temperature of the stack [14] . LCD requires low power, provides backlight during low light vision. LCD is interfaced with the microcontroller in nibble mode (only 4 bits of command/ data are transmitted at a time). The data lines D3 to D7 of LCD are connected to P0.4 to P0.7 and control lines RS (Register Select), R/W (Read/Write) and E (Enable) are connected to P0.2, P0.3 and P0.10 port pins of LPC2129 respectively [13] . by 12 V/ 5 A relay and SL100 transistor [15] . When the error in temperature of stack exceeds 20°C, the microcontroller sends a high signal on one of its port pins P0.1, which turns on the transistor SL100, through the opto-coupler. Then soot blower motor receives 230 V and the motor runs. This motor helps to remove soot formation in the boiler by blowing steam with pressure. The soot blower motor automatically stops, when the error in stack temperature is less than 5 °C. The next measurement of stack temperature is made after one hour as the temperature is a slow varying parameter and the cycle is repeated once again.
THE SOFTWARE
The flow chart of the complete experiment is shown in Figure 5 . Embedded C under KEIL's Integrated Development Environment (IDE) with µVision 4.0 is used for implementation of software. Two separate sub-routines are implemented, one for acquiring the sensor signal and another for displaying the stack temperature. The main program finds the error in stack temperature by finding the difference between set point and the measured value of stack temperature. If the error is greater than or equal to 20 °C, then the soot blower motor is turned on until it becomes less than 5 °C. These steps are repeated after a time delay of one hour, as the deposition of soot in one hour cannot cause the stack temperature to rise much. 
EXPERIMENTS AND RESULTS
A cuboid shaped furnace of 2.5 kW power, insulated by glass wool wall and a blower motor set up is used for experimental purpose. The furnace has dimensions of 49 cm length × 40 cm height × 40 cm breadth, with resistive heating. The temperature range of this furnace is 30°C to 1200°C. This furnace is considered as a stack for conducting experiments, where the temperature is read by a K type thermocouple. The blower motor with a water lift capacity of 520 mm and an air Turn on soot blower for predetermined time Wait for one hour START blowing capacity of 370 km/hr at 1200 RPM is used as a soot blower. The photograph of the entire experimental set up is shown in Figure 6 .
Experiments are conducted in laboratory by entering the set point value of the stack temperature initially. The temperature of the furnace is increased slowly. The output analog signal from the temperature sensor, the Instrumentation amplifier and the corresponding digital code by the 10-bit in-built ADC are tabulated in Table 1 . This table shows that the resolution of 10-bit in-built ADC is sufficient for the measurement of stack temperature using thermocouple and AD620. The ADC can read the stack temperature up to 800 °C. The voltage that would be obtained from AD620 for 800 °C is 3.28 V. The Figure 7 and Figure 8 shows the display on LCD when the error in temperature is less than 20 °C and more than or equal to 20 °C respectively. The digital code obtained from the in-built ADC is compared with the set point value of the stack temperature in the microcontroller. If the difference is more than 20 °C, then the soot blower motor is turned on until the difference in temperature becomes less than 5 °C. The time delay is obtained by programming the in-built timer of ARM7TDMI, LPC2129. If the difference of temperature is less than 20 °C then no action is initiated. This way the stack temperature is monitored and the duration for which the blower is on is scientifically controlled continuously. 
CONCLUSION
In this paper, design and implementation of real time automatic soot blower control system is presented. The soot blower control system is designed and implemented using LPC2129, ARM7TDMI microcontroller and tested by carrying out the experiments. The performance of the system is compared with the designed theoretical values and an error of ±1 is observed. This real time embedded based automated system whose operation depends upon stack temperature can be used for controlling the soot blower motor, instead of conventional method. This will definitely improve the boiler efficiency. Because of the use of ARM7 microcontroller, the system is more reliable, compact and economical. In this way the system can be viewed as low cost design for process industry.
